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ERV
IEW

•
Charge-Coupled D

evices, Basic Principles

•
CCD

’s onboard Chandra and XM
M

-Newton

•
CCD

 Perform
ance : Energy Resolution, Q

uantum
 Efficiency

•
Pileup, Charge Transfer Inefficiency, Contam

ination, Background,
Subpixel Resolution

•
O

perating M
odes, Event Processing

•
CCD

’s In Future X
-ray A

stronom
y M

issions

This presentation follow
s a sim

ilar lecture m
ade by M

. Bautz (M
IT)  during the 2nd International X

-ray School
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Charge-Coupled D
evices; Basic Principles

•
V

alence bands, conduction bands and energy
gaps in solids

•
n and p-type sem

iconductors

•
A

 p-n junction contains a narrow
 region on either

side of the junction in w
hich the m

ajority charge
carriers are “depleted”.

•
Electron-hole pairs created by photons absorbed
in the depletion layer w

ill be sw
ept aw

ay by the
potential difference across the junction before
they recom

bine.
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Charge-Coupled D
evices; Basic Principles

•
 A

 CCD
 is a grid of pixels each one of w

hich can
absorb photons and confine the resulting
photoelectrons. To create an im

age device one needs
the clock-aw

ay and collect the charge stored in
individual pixels.

•
 Show

n above is the layout of the A
CIS CCD

s. These devices
w

ere developed at M
IT Lincoln Laboratory on high-purity p-

type w
afers of silicon. Each CCD

 is a 1024x1026-pixel  (24 x
24 mm

) fram
e-store im

ager w
hich is divided into four sectors.

The fram
estore is split, and the fram

estore pixels are 21 x 13.5
mm

 in size slightly sm
aller than those in the im

aging area. This
arrangem

ent allow
s for four independent output am

plifiers
(nodes), and facilitates 3-side abutm

ent of the detectors.
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Charge-Coupled D
evices; Basic Principles

M
O

S (M
etal - O

xide-Sem
iconductor) O

ne w
ay of confining charge

in a CCD
 pixel is achieved by depositing m

etal electrodes (gates) to
a p-type sem

iconductor together w
ith a thin layer of an oxide

insulator. By applying a positive voltage on the gates, holes are
sw

ept out of a sm
all region just below

 the insulator (depletion
region).    A

n X
-ray photon absorbed in the depletion region w

ill
create electron-hole pairs. The electric field in the depletion region
w

ill prevent them
 from

 recom
bining and the electrons w

ill be
collected just below

 the oxide layer.

Buried-Channel CCD
s To reduce charge trapping that occurs

during the storage and transfer of charge located near the
oxide insulator, an additional layer of n-type sem

iconductor is
placed onto the existing p-type substrate to separate it from

 the
oxide insulator.  Essentially a p-n junction is created w

ith a
depletion layer located beneath the insulating layer (buried-
channel CCD

).
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Charge-Coupled D
evices; Basic Principles
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Charge-Coupled D
evices; Basic Principles
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Charge-Coupled D
evices; Basic Principles
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CCD
’s O

nboard XM
M

-Newton

The M
O

S EEV
 CCD

22 is a three-phase fram
e transfer device on high resistivity epitaxial silicon w

ith an open-electrode
structure; it has a useful quantum

 efficiency in the energy range 0.2 to 10 keV
. The low

 energy response of the
conventional front illum

inated CCD
 is poor below

 ~700 eV
 because of absorption in the electrode structure. For EPIC

M
O

S, one of the three electrodes has been enlarged to occupy a greater fraction of each pixel, and holes have been
etched through this enlarged electrode to the gate oxide. This gives an "open" fraction of the total pixel area of 40%

;
this region has a high transm

ission for very soft X
-rays that w

ould have otherw
ise be absorbed in the electrodes. In the

etched areas, the surface potential is pinned to the substrate potential by m
eans of "pinning im

plant". H
igh energy

efficiency is defined by the resistivity of the epitaxial silicon (around 400 O
hm

-cm
). The epitaxial layer is 80 m

icrons
thick (p-type). The actual m

ean depletion of the flight CCD
s is betw

een 35 to 40 m
icrons: the open phase region is not

fully depleted. Im
age and caption taken from

 http://xm
m

.vilspa.esa.es/external/xm
m

_user_support/docum
entation/technical/EPIC
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CCD
’s O

nboard XM
M

-Newton

The field of view
 of the E

P
IC

 M
O

S 1 cam
eras: The cam

era detector co-ordinate fram
es are noted. 7

C
C

D
’s each 10.9 x 10.9 arcm

in
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CCD
’s O

nboard XM
M

-Newton

The PN
-CCD

s are back-illum
inated. In the event of an X

-ray interaction w
ith the silicon atom

s, electrons and holes are
generated in num

bers proportional to the energy of the incident photon. The average energy required to form
 an electron-

hole pair is 3.7 eV
 at -90° C. The strong electric fields in the pn-CCD

 detector separate the electrons and holes before
they recom

bine. Signal charges (in our case electrons), are drifted to the potential m
inim

um
 and stored under the transfer

registers. The positively charged holes m
ove to the negatively biased back side, w

here they are 'absorbed'. The electrons,
captured in the potential w

ells 10 m
icrons below

 the surface can be transferred tow
ards the readout nodes upon

com
m

and, conserving the local charge distribution patterns from
 the ionization process. Each CCD

 line is term
inated by

a readout am
plifier. The picture show

s the tw
elve chips m

ounted and the connections to the integrated pream
plifiers.

Im
age and caption from

 http://xm
m

.vilspa.esa.es/external/xm
m

_user_support/docum
entation/technical/EPIC/index.shtm

l#2.2
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CCD
’s O

nboard XM
M

-Newton

The field of view
 of the E

P
IC

 pn cam
era; The E

P
IC

 prim
e boresight is m

arked w
ith a sm

all box. 12 C
C

D
’s each 13.6 x

4.4 arcm
in.
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CCD
’s O

nboard Chandra

T
he A

dvanced C
C

D
 Im

aging Spectrom
eter (A

C
IS)  contains 10 planar, 1024 x 1024 pixel C

C
D

s ; four arranged
in a 2x2 array (A

C
IS-I ) used for im

aging, and six arranged in a 1x6 array (A
C

IS-S ) used either for im
aging or as

a grating readout. T
w

o C
C

D
s  are back-illum

inated (B
I ) and eight are front-illum

inated (FI ).
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“Com
e on, Leon, they’re great m

irrors.” said W
eisskopf. “A

nd, that’s the first source they’ve ever seen, Leon X
-1!” H

e joked. 
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CCD
 PERFO

RM
A

N
CE

A
 photoelectric interaction of an X

-ray w
ith silicon atom

s in a CCD
 w

ill generate electron-hole pairs. O
n average,

the num
ber of electrons N

e  liberated  by the interaction is proportional to the energy of the incident X
-ray:

N
e  = E/w, w

here N
e  is the num

ber of electron liberated, E is the photon energy and w ~ 3.7eV
/e - (at T = 153 K

) is
the m

ean ionization energy per electron-hole pair and is a function of the tem
perature of the silicon.

The variance of the charge liberated is :

†
 

FW
H

M
(eV

)=
2.36

¥
3.65

¥
s

N 2
+

s
R 2

+
s

A 2

The strong electric field in the CCD
s depletion region separates the electrons and holes before they recom

bine. The
spectral resolution of the CCD

 is m
ainly determ

ined by the stochastic nature of the ionization process (Fano N
oise),

the charge transfer properties of the CCD
 and the electronic noise of the readout am

plifier.

†
 

s
N 2

=
F

¥
N

e =
F

¥
Ew

w
here F, is the Fano factor and has the value F ~ 0.135. The effect of the statistical nature of the ionization

process, the loss of charge during collection (s
R ), the noise in detector, pre-am

p, m
ain am

plifier, and signal
processing electronics (s

A ) ,  is that the prim
ary peak produced in response to a beam

 of m
onochrom

atic
incident photons of energy E w

ill be approxim
ately a G

aussian distribution w
ith m

ean proportional to E and a
full w

idth at half m
axim

um
 of:
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CCD
 PERFO

RM
A

N
CE

T
he A

C
IS  pre-launch energy resolution as a function of energy. (Source: C

X
C

  C
alibration group)
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CCD
 PERFO
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A

N
CE

T
he Spectral R

edistribution Function describes the probability of an instrum
ent response in each pulse-height channel

to photons of any particular energy. T
he A

C
IS spectral response show

s in addition to the prim
ary M

n peaks, the K
-

escape and Si fluorescence peaks, and incom
plete charge collection effects by photoelectric interactions in the gates

and channel stops.
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Features in Spectral R
esponse:

(a)
“T

he shoulder” T
his is produced w

hen split event
threshold used in the data processing excludes
valid pixels from

 the event am
plitude sum

m
ation

of the 3x3 island.

(b)
T

he low
-energy continuum

(c)
T

he low
-energy tail : originates from

 photons
interacting in the gate insulator (Prigozhin et al,
1998)

(d)
Fluorescence and E

scape peaks : X
-rays w

ith
energies E

x  greater than the Si K
 absorption edge

of 1.839 keV
 can produce Si fluorescence photons

of energy 1.739keV
. If the fluorescent photon is

detected far enough from
 the original interaction

site it is recorded by the processing system
 as a

separate event w
ith an energy of E

f  = 1.739keV
.

T
he escape peak is form

ed by the charge cloud at
the original interaction site w

ith an energy of E
x  -

E
f  since energy of E

f  has been carried aw
ay by the

fluorescent photon that m
ay escape com

pletely
from

 the detector or be detected separately.
 (Prigozhin et al., 1999, N

uclear Instrum
ents and M

ethods)
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T
he Q

uantum
 E

fficiency of a C
C

D
 w

ill depend prim
arily on the absorbing properties of the gate structure, the

insulator, the channel stops, the depths of the depletion and undepleted regions of the C
C

D
, w

hether it is
front or back illum

inated,  the absorbing properties of the optical blocking filters and the presence of any
possible contam

inants. V
arious effects that can change the effective detection efficiency of a C

C
D

:
Pileup, C

T
I, event grade selection, event and split event threshold levels, deadtim

e due to cosm
ic rays
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A
CIS CCD

 G
ate Structure
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The absorption data show
 oscillations above the absorption edges that extend up to several hundred eV

. Such
structures are com

m
only know

n as extended X
-ray absorption fine structure (EX

A
Fs) and occur w

hen atom
s are

in condensed m
atter. The oscillations arise from

 interference of the scattered electron w
avefunction outgoing

from
 a central atom

,i, w
ith the backscattered electron w

avefunctions from
 nearby atom

s, j.
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A
CIS Filters
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The A
CIS-I and S arrays are covered by U

V
/O

ptical blocking filters (O
BFs). These filters are necessary because

CCD
’s are sensitive to U

V
 and optical radiation. The A

CIS filters consist of polyim
ide, C

22 H
10 O

4 N
2 , w

ith a layer
of alum

inum
 coated on each side to provide optical light blocking. A

 m
ethod com

m
oly used to m

odel the X
-ray

transm
ission of filters assum

es that the absorption through a m
ultilayer filter w

ith constituent com
pounds i is

described by the equation :

W
here m

i  is the m
ass absorption coefficient of the constituent com

pound i and r
i  is the m

ass per unit area of the
constituent com

pound i.

†
 

T
=

e
-

m
i r

i
’
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A
CIS O

BF Contam
ination

O
bserved decay in the ratio of the 0.67keV

 and 5.895keV
 line com

plexes. M
easurem

ents w
ere perform

ed
by Catherine G

rant (M
IT).  Plot from

 Plucinsky et al. 2002
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A
CIS O

BF Contam
ination

LETG
/A

CIS Characterization of the contam
ination edges, From

 H
. M

arshall (M
IT)
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A
CIS O

BF Contam
ination

X
-ray spectral results w

ith no
contam

ination correction

X
-ray spectral results using

A
CISA

BS to m
odify individual

A
RFs.

The A
C

ISA
BS softw

are tool attem
pts at correcting for the absorption

caused by m
olecular contam

ination of the A
CIS optical blocking filters.

The user needs to supply the num
ber of days betw

een Chandra launch and
observation.
http://asc.harvard.edu/cont-soft/softw

are/A
CISA

BS.1.1.htm
l

The com
position of the contam

inant w
as inferred from

 sim
ple fits to

grating observations of PK
S2155 and probably! w

ill need to be updated!
w

hen the com
position of the contam

inant is better constrained.

A
pplications of qe correction tools to A

C
IS spectra:

Properties of z>4 Q
uasars The data are from

 9 PSS quasars at z=4.1-4.5
observed at the A

CIS-S aim
point during Chandra Cycle 3 (w

ith typical
exposure tim

es of 4-5 ks). In total there are  about 350 source counts. The
X

-ray spectral results show
n in these figures have been obtained using C-

statistic. Results provided courtesy of Christian V
ignali (V

ignali et al.
2002, A

pJ in press)
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Charge Transfer Inefficiency (CTI)

The transfer of a charge S from
 the furthest corner of a CCD

 w
ith N

xN
 pixels in a three

phase array to its output node results in the appearance of a charge S’ in the readout :

 S’ = CTE
S 3NxCTE

P 3NxS  ~ CTE
S 3N

 x S

CTE is the fraction of charge that m
akes it successfully to the next potential w

ell after a
single transfer.
The loss of charge during a transfer is m

ostly due to charge traps associated w
ith

im
purities, spurious potential pockets and design faults leading to specific potential

pockets at certain locations.

Plot of the pulseheight of an X
-ray event as a function

of row
 num

ber w
hen the CCD

 is illum
inated w

ith a
m

onochrom
atic source of X

-rays.  Three em
ission

lines can be clearly seen in the source spectrum
 : A

l
K

, Ti K
, M

n K
a. A

t the beginning of the m
ission each

em
ission line of this plot w

as flat.

CTI  depends, on location of charge traps, density of
charge trapping sites, charge trap capture and re-
em

ission properties.

Charge loss leads to position depended gain and
spectral resolution degradation. Figure and notes from
C. G

rant (M
IT)
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C
harge Transfer Inefficiency (C

TI) C
orrection Tool

A
ll data from

 the A
C

IS instrum
ent on C

handra show
 effects from

 the non-zero C
T

I in the A
C

IS
detectors. A

 corrector has been developed by L
. T

ow
nsley and P. B

roos (PSU
) to partially rem

ove
these effects  (see  http://w

w
w

.astro.psu.edu/users/tow
nsley/cti/).

The Technique: First the calibration data are tuned to a phenom
enological m

odel of the C
T

I.  A
n

iterative forw
ard-m

odeling technique is used to recover the best estim
ate of the original 3x3-pixel

event island that is consistent w
ith the C

T
I-corrupted event that is observed.  T

he best estim
ate is

returned as the C
T

I-corrected event.

D
ue to the evolution of C

T
I w

ith tim
e one m

ay use the external calibration source to confirm
 the

validity of the response products for a particular tim
e period.  C

alibration source data are taken
tw

ice an orbit.

A
 detected C

C
D

 event is characterized by the total charge w
ithin the 3x3 island and the

distribution of the charge (often referred to as the grade of the event) w
ithin that island.
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Photon Pileup

•W
henever the separation of tw

o or m
ore X

-ray photons incident on a C
C

D
 is less than a few

 C
C

D
pixels, and their arrival tim

e lies w
ithin the sam

e C
C

D
 fram

e readout, the C
C

D
 electronics m

ay
regard them

 as a single event w
ith an am

plitude given by the sum
 of the electron charge in the 3x3

neighborhood of the pixel w
ith the m

axim
um

 detected charge.

•Pileup m
ay alter the grades and charges of events, thus affecting both spatial and spectral

resolution. A
 m

anifestation of pile-up in observed spectra m
ay be a reduction of detected events,

spectral hardening of the continuum
 com

ponent and the apparent distortion of the PSF of point-
like objects.

•C
orrecting a C

C
D

 observation of an X
-ray source for pile-up is quite com

plicated.
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Photon Pileup
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Subpixel R
esolution

To im
prove the spatial resolution of Chandra, Tsunem

i et al.( 2001) have developed a subpixel resolution
technique.The physical basis of this m

ethod is as follow
s; A

ny photon that is detected by A
CIS produces a

charge cloud of electrons that is collected by one or m
ore pixels. The different arrangem

ents of charge are
referred to as A

CIS grade distributions.  Particular grade distributions often referred to as corner events can be
used to locate the position of the incident photons to subpixel accuracy. By correcting the positions of corner
pixel events the spatial resolution of A

CIS is significantly im
proved. Figure and softw

are available from
http://w

w
w

.astro.psu.edu/users/m
ori/chandra/subpixel_resolution.htm

l



3rd IN
TERN

A
TIO

N
A

L X
-RA

Y
 A

STRO
N

O
M

Y
 SCH

O
O

L

Spectrum
 of the Q

uiescent Background

T
he A

C
IS background consists of a relatively soft C

X
B

 contribution and cosm
ic ray-induced events w

ith a hard
spectrum

. M
ost cosm

ic ray events can be filtered out by applying a grade filter (e.g., rejecting A
SC

A
 grades 1,5,7).

A
fter such filtering, the C

X
B

 com
ponent dom

inates below
 about 2 keV

 and the cosm
ic ray com

ponent dom
inates at

higher energies, consistently w
ith the pre-launch estim

ates.

The figure illustrates contributions of the
C

X
B

 and cosm
ic ray com

ponents to the
quiescent background for chip S3 (w

ith
A

C
IS-S in aim

point), after the standard grade
and hot pixel cleaning and exclusion of
obvious celestial sources. B

lack show
s the

data before the m
irror door opening (O

B
SID

62706) and thus only includes the cosm
ic ray

com
ponent, and red show

s the total
background (a sum

 of several calibration
observations after the door opening).  N

otes
and figure from

 M
. M

arkevich (C
fA

)
http://cxc.harvard.edu/cal/A

cis/Cal_prods/bkgrnd/11_18/index.htm
l
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Event Processing

O
nce the charge from

 each pixel has been read out, the onboard event processing exam
ines each pixel and

selects as events regions w
ith bias-subtracted pixel values that exceed the event threshold and are greater

than neighboring pixels. N
ext, valid neighboring pixels  are selected as are those pixels w

ith values greater
than the split event threshold.  The central pixel and the valid neighboring pixels in the 3x3 island form

 the
grade of the event.

O
n-board suppression of several grades, that are thought to be produced by background, is used to lim

it the
telem

etry bandw
idth.
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Event Processing

Standard grade set for A
CIS are

A
SCA

 grades 0,2,3,4 and 6.

O
ther grade selections m

ay be useful to:

-selecting only grade 0 events m
ay reduce pile-up

and im
prove energy resolution w

ith the cost of
reduced S/N

,

-O
ther grade selections have been found to reduce

background
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O
perating M

odes

Tim
ed Exposure M

ode: A
 tim

ed exposure refers to
the m

ode of operation w
herein a CCD

 collects data
from

 a preselected am
ount of tim

e - the Fram
e Tim

e.
O

nce this tim
e interval has passed, the charge from

the 1024x1024 active region is quickly (~41m
s)

transferred to the fram
estore region and subsequently

read out through the 1024 serial registers. N
otes and

Figures from
 Chandra  Proposers’ O

bservatory G
uild.

C
ontinuous C

locking M
ode: The continuous

clocking m
ode is provided to allow

 3 m
sec tim

ing at
the expense of one dim

ension of spatial resolution. In
this m

ode one obtains 1 pixel x 1024 im
ages, each

w
ith an integration tim

e of 3 m
sec.
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Com
parison Betw

een Chandra A
CIS and X

M
M

-N
ew

ton-EPIC
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CCD
s in Future X

-ray A
stronom

y M
issions

CCD
s are presently used onboard Chandra and XM

M
-

Newton. These tw
o m

ajor observatories are expected to
continue to provide im

ages and spectra of the X
-ray

U
niverse into the near future (5-10 years). A

 sm
aller

m
ission H

ETE -2 also m
akes use of CCD

s to study
gam

m
a ray bursts.

Future m
issions that plan to include CCD

s are Swift
scheduled to launch by the end of 2003, ASTRO

-E2
scheduled to launch in early 2005,  and Constellation-X
scheduled to launch around 2013.

ASTRO
-E2 and Constellation-X w

ill both have X
-ray

calorim
eter detectors  w

hich have energy resolution of
order several eV

.
The therm

al and light rejection requirem
ents for

calorim
eters m

akes it necessary to use thick filters w
hich

reduce the response of these devices significantly below
1 keV

. In addition, at energies below
 1keV

 grating
spectrographs com

bined w
ith CCD

s provide better
energy resolution as seen in the figure.


